The present work was aimed at formulating a SMEDDS (selfmicroemulsifying drug delivery system) of feno¿ brate and evaluating its in vitro and in vivo potential. The solubility of feno¿ brate was determined in various vehicles. Pseudoternary phase diagrams were used to evaluate the microemulsi¿ cation existence area, and the release rate of feno¿ brate was investigated using an in vitro dissolution test. SMEDDS formulations were tested for microemulsifying properties, and the resultant microemulsions were evaluated for clarity, precipitation, and particle size distribution. Formulation development and screening was done based on results obtained from phase diagrams and characteristics of resultant microemulsions. The optimized formulation for in vitro dissolution and pharmacodynamic studies was composed of Labrafac CM10 (31.5%), Tween 80 (47.3%), and polyethylene glycol 400 (12.7%). The SMEDDS formulation showed complete release in 15 minutes as compared with the plain drug, which showed a limited dissolution rate. Comparative pharmacodynamic evaluation was investigated in terms of lipid-lowering ef¿ cacy, using a Triton-induced hypercholesterolemia model in rats. The SMEDDS formulation signi¿ cantly reduced serum lipid levels in phases I and II of the Triton test, as compared with plain feno¿ brate. The optimized formulation was then subjected to stability studies as per International Conference on Harmonization (ICH) guidelines and was found to be stable over 12 months. Thus, the study con¿ rmed that the SMEDDS formulation can be used as a possible alternative to traditional oral formulations of feno¿ brate to improve its bioavailability.
INTRODUCTION
Lipid-based formulation approaches, particularly the selfmicroemulsifying drug delivery system (SMEDDS), are well known for their potential as alternative strategies for delivery of hydrophobic drugs, 1 which are associated with poor water solubility and low oral bioavailability. [2] [3] [4] SMEDDS formulations are isotropic mixtures of an oil, a surfactant, a cosurfactant (or solubilizer), and a drug. The basic principle of this system is its ability to form ¿ ne oil-in-water (o/w) microemulsions under gentle agitation following dilution by aqueous phases (ie, the digestive motility of the stomach and intestine provide the agitation required for self-emulsi¿ cation in vivo in the lumen of the gut). 5 This spontaneous formation of an emulsion in the gastrointestinal tract presents the drug in a solubilized form, and the small size of the formed droplet provides a large interfacial surface area for drug absorption. 6 Apart from solubilization, the presence of lipid in the formulation further helps improve bioavailability by affecting the drug absorption. 1 Selection of a suitable selfemulsifying formulation depends upon the assessment of (1) the solubility of the drug in various components, (2) the area of the self-emulsifying region as obtained in the phase diagram, and (3) the droplet size distribution of the resultant emulsion following self-emulsi¿ cation. 7 Feno¿ brate is a lipid-regulating agent that has chemical, pharmacological, and clinical similarities to the other ¿ brate drugs, such as clo¿ brate and gem¿ brozil. 8 Feno¿ brate is a Biopharmaceutical Classi¿ cation System (BCS) Class II drug with a high dose number. 9 Thus, it can be assumed that the low oral bioavailability of feno¿ brate is due to its solubility and dissolution limitations. 9 Researchers have tried various methods (eg, cyclodextrin complexation, comicronization, solid dispersion) to overcome these limitations. [10] [11] [12] Furthermore, it is reported that absorption of feno¿ brate is increased by ~35% when it is administered with food rather than in a fasting state. 8 , 13 Thus, formulating a lipid-based system of feno¿ brate can be viewed as an option for improving its oral bioavailability. Feno¿ brate is available in various doses (54 mg, 67 mg, 100 mg, 160 mg, and 200 mg); for our study we selected 54 mg as the working dose to limit the total formulation volume.
The main objectives of the study were to develop and evaluate an optimal SMEDDS formulation containing feno¿ brate and to assess its pharmacodynamic effect in terms of lipidlowering potential.
MATERIALS AND METHODS

Materials
Feno¿ brate was obtained as a gift sample from Cipla Ltd (Mumbai, India). The following materials were donated by Gattefosse (Mumbai, India) and were used as received: Labrafac CM10 (C 8 -C 10 polyglycolized glycerides), Maisine 35-1 (glyceryl monolinoleate), Lauroglycol FCC (propylene glycol laurate), Labra¿ l 1944 CS (apricot kernel oil polyethylene glycol [PEG] 6 esters), and Labrafac PG (propylene glycol caprylate/caprate). Cremophor RH 40 (polyoxyl 40 hydrogenated castor oil), Cremophor EL (polyethoxylated castor oil), and Solutol HS 15 (polyoxyethylene esters of 12-hydroxystearic acid) were obtained from BASF (Mumbai). Gelucire 44/14 (PEG-32 glyceryl laurate) and 50/13 (PEG-32 glyceryl palmistearate) were received from Colorcon Asia (Mumbai). Span 20 (sorbitan monolaurate), Tween 80 (polyoxyethylene sorbitan monooleate), and PEG 400 were bought from Merck (Mumbai, India). Deionized water was prepared by a Milli-Q puri¿ cation system from Millipore (Molsheim, France). Acetonitrile and methanol used in the present study were of high performance liquid chromatography (HPLC) grade. All other chemicals were reagent grade. Empty hard gelatin capsule shells were generously donated by ACG Capsules (Mumbai).
Animals
Male Holtzman rats (weighing approximately 250 r 30 g) were used for the comparative lipid-lowering studies. The animals were maintained at a constant light (14L: 10D), temperature (24°C-25°C), and humidity (60%) and were supplied with food and water ad libitum. The animal requirement was approved by the Institute Animal Ethics Committee (IAEC), and all experiments were conducted as per the norms of the Committee for the Purpose of Supervision of Experiments on Animals, India.
Methods
Solubility Studies
The solubility of feno¿ brate in various components (oils, surfactants, and cosurfactants) was determined as follows: 500 mg of each of the selected vehicles was added to each cap vial containing an excess of feno¿ brate (1 g). After sealing, the mixture was heated at 40ºC in a water bath to facilitate the solubilization. Mixing of the systems was performed using a vortex mixer. Formed suspensions were then shaken with a shaker at 25ºC for 48 hours. After reaching equilibrium, each vial was centrifuged at 3000 rpm for 5 minutes, and excess insoluble feno¿ brate was discarded by ¿ ltration using a membrane ¿ lter (0.45 m, 13 mm, Whatman, Mumbai, India). The concentration of feno¿ brate was then quanti¿ ed by HPLC.
Pseudoternary Phase Diagrams
Pseudoternary phase diagrams of oil, surfactant/ cosurfactant (S/CoS), and water were developed using the water titration method. The mixtures of oil and S/CoS at certain weight ratios were diluted with water in a dropwise manner. For each phase diagram at a speci¿ c ratio of S/CoS (ie, 1:1, 2:1, 3:1, and 5:1 wt/wt), a transparent and homogenous mixture of oil and S/CoS was formed by vortexing for 5 minutes. Then each mixture was titrated with water and visually observed for phase clarity and À owability. The concentration of water at which turbidity-to-transparency and transparency-to-turbidity transitions occurred was derived from the weight measurements. These values were then used to determine the boundaries of the microemulsion domain corresponding to the chosen value of oils, as well as the S/CoS mixing ratio. To determine the effect of drug addition on the microemulsion boundary, phase diagrams were also constructed in the presence of drug using drug-enriched oil as the hydrophobic component. Phase diagrams were then constructed using Tri plot v1-4 software (David Graham and Nicholas Midgley, Loughborough, Leicestershire, UK).
Preparation of SMEDDS Formulations
A series of SMEDDS formulations were prepared using Tween 80 and PEG 400 as the S/CoS combination and Labrafac CM10 as the oil ( Table 1 ) . In all the formulations, the level of feno¿ brate was kept constant (ie, 8.5% wt/wt of the total formulation weight). BrieÀ y, accurately weighed feno¿ brate was placed in a glass vial, and oil, surfactant, and cosurfactant were added. Then the components were mixed by gentle stirring and vortex mixing and were heated at 40ºC on a magnetic stirrer, until feno¿ brate was perfectly dissolved. The mixture was stored at room temperature until further use.
Freeze Thawing
Freeze thawing was employed to evaluate the stability of formulations. The formulations were subjected to 3 to 4 freeze-thaw cycles, which included freezing at -4°C for 24 hours followed by thawing at 40°C for 24 hours. Centrifugation was performed at 3000 rpm for 5 minutes. The formulations were then observed for phase separation. Only formulations that were stable to phase separation were selected for further studies.
Emulsion Droplet Size Analysis
One hundred microliters of each SMEDDS formulation was diluted to 250 mL in a beaker and gently mixed using a glass rod. The resultant emulsion was then subjected to particle size analysis (using Malvern Mastersizer (Worchestershire, UK) equipped with 2000 Hydro MU) with a particle size measurement range of 0.02 to 2000 m. Particle size was calculated from the volume size distribution. All studies were repeated in triplicate, with good agreement being found between measurements.
Self-Emulsi¿ cation and Precipitation Assessment
Evaluation of the self-emulsifying properties of SMEDDS formulations was performed by visual assessment as previously reported. 14 In brief, different compositions were categorized on speed of emulsi¿ cation, clarity, and apparent stability of the resultant emulsion. Visual assessment was performed by dropwise addition of the preconcentrate (SMEDDS) into 250 mL of distilled water. This was done in a glass beaker at room temperature, and the contents were gently stirred magnetically at ~100 rpm.
Precipitation was evaluated by visual inspection of the resultant emulsion after 24 hours. The formulations were then categorized as clear (transparent or transparent with bluish tinge), nonclear (turbid), stable (no precipitation at the end of 24 hours), or unstable (showing precipitation within 24 hours).
In Vitro Dissolution Studies
The quantitative in vitro release test was performed in 900 mL of buffer pH 1.2 using US Pharmacopeia XXIV dissolution apparatus 2. The paddles were rotated at 100 rpm. The SMEDDS formulations were put into hard gelatin capsules (0 sizes) and used for drug release studies; results were compared with those of plain feno¿ brate. During the release studies, a 5-mL sample of medium was taken out and subjected to drug analysis using HPLC. The removed volume was replaced each time with 5 mL of fresh medium. For determination of the in vitro dissolution of plain feno¿ brate, the medium was changed to buffer pH 1.2 containing Tween 80 (equivalent to the amount used in the formulation). Dissolution studies were also performed in other media (buffer pH 4.5 and 7.2) to examine the effect of pH on drug release. 
HPLC Analysis of Feno¿ brate
The concentration of feno¿ brate in the samples was determined by HPLC analysis. The HPLC analysis system consisted of a Jasco PU 980 Intelligent Pump and Jasco MD-2015 Plus Multi-Wavelength Detector (Tokyo, Japan). The chromatographic column was a C-18 Lichrosphere 10RP-18e (5 P m) 4.6 mm × 250 mm (Merck). The chromatographic conditions were mobile phase acetonitrile:water (80:20% vol/vol); À ow rate 1 mL/min; loop size 100 L; detection at 289 nm; and retention time 7.5 r 0.5 minutes.
Lipid-Lowering Studies
Male Holtzman rats (weighing 250 r 30 g) were used for the study. They were kept in air-conditioned rooms (24ºC-25ºC) with constant humidity. The rats were caged and allowed water and food ad libitum before they were distributed by weight into experimental groups. The rats fasted overnight and were then intraperitoneally injected with 250 mg/kg Triton WR 1339 (Tyloxapol, Sigma Chemical Co, St. Louis, MO) dissolved in 0.9 percent saline. Control groups of rats were given the vehicle (plain saline), and experimental groups were given plain feno¿ brate (9 mg/kg body weight) or the SMEDDS formulation (equivalent to 9 mg/kg feno¿ brate). Without anesthesia and by restraining rats by hand, the oral dosing was performed by intubation using an 18-gauge feeding needle (the volume to be fed was 1.0 mL in all cases). To study the effect of formulation components on lipid lowering, 1 more group was included; this group was fed a placebo formulation. Blood samples were drawn at 0 hours, 24 hours, and 48 hours. Serum was separated by centrifugation at 10 000 g and used for biochemical analysis. Serum cholesterol and triglycerides were estimated in normal, control, and drug-treated groups by reported methods. 15 , 16 Low-density lipoprotein (LDL) levels were estimated using the Friedwal formula. Statistical analysis of the collected data was performed using 1-way analysis of variance.
Stability Studies
The SMEDDS formulations were put into empty hard gelatin capsules (size 0) and subjected to stability studies at E347 25°C/60% relative humidity (RH), 30°C/65% RH, and 40°C/75% RH. Samples were charged in stability chambers (Thermolab, Mumbai, India) with humidity and temperature control. They were withdrawn at speci¿ ed intervals for analysis over a period of 6 months for intermediate and accelerated conditions and 12 months for long-term conditions. Drug content of the capsules was analyzed using a previously developed and validated stability-indicating HPLC method.
RESULTS AND DISCUSSION
Solubility Studies
One important consideration when formulating a selfemulsifying formulation is avoiding precipitation of the drug on dilution in the gut lumen in vivo. 1 Therefore, the components used in the system should have high solubilization capacity for the drug, ensuring the solubilization of the drug in the resultant dispersion. Results from solubility studies are reported in Figure 1 . As seen from the ¿ gure, Maisine 35-1 and Labrafac CM10 showed the highest solubilization capacity for feno¿ brate, followed by Tween 80 and PEG 400. Thus, for our study we selected Maisine 35-1 and Labrafac CM10 as oils and Tween 80 and PEG 400 as surfactant and cosurfactant, respectively.
Pseudoternary Phase Diagrams
Self-microemulsifying systems form ¿ ne oil-water emulsions with only gentle agitation, upon their introduction into aqueous media. Surfactant and cosurfactant get preferentially adsorbed at the interface, reducing the interfacial energy as well as providing a mechanical barrier to coalescence. The decrease in the free energy required for the emulsion formation consequently improves the thermodynamic stability of the microemulsion formulation. 17 , 18 Therefore, the selection of oil and surfactant, and the mixing ratio of oil to S/CoS, play an important role in the formation of the microemulsion.
In the present study both Maisine 35-1 and Labrafac CM10 were tested for phase behavior studies with Tween 80 and PEG 400 as the S/CoS mixture. As seen from the ternary plot ( Figures 2 and 3 ), Labrafac CM10 gave a wider microemulsion region than did Maisine 35-1 at all S/CoS ratios. Thus, Labrafac CM10 was selected as the preferred vehicle for the optimized formulation. The microemulsion existence area increased as the S/CoS ratio increased. However, it was observed that increasing the surfactant ratio resulted in a loss of À owability. Thus, an S/CoS ratio between 3:1 and 4:1 was selected for the formulation study.
PEG 400 is reported to be incompatible with hard gelatin capsules when used in high concentrations. 19 Thus, while optimizing the S/CoS ratio, we tried to keep the concentration of PEG 400 as low as possible (<15% wt/wt of total formulation), as we had a ¿ nal aim of putting the SMEDDS formulations into liquid-¿ lled hard gelatin capsules. Figure  4 shows phase diagrams in the presence of the drug. As seen from the ¿ gure, the inclusion of drug narrowed the microemulsion existence area, because inclusion of the drug in the lipid phase led to expansion of the lipid phase and consequently a need for a higher S/CoS ratio for stabilization.
Droplet Size Analysis
The droplet size distribution of various formulations is given in Table 2 . An increase in the ratio of the oil phase (Labrafac CM10) resulted in a proportional increase in particle size, because of the simultaneous decrease in the S/CoS proportion. Increasing the S/CoS ratio led to a decrease in mean droplet size. Batch H, with the highest proportion of surfactant (47.3% wt/wt Tween 80) at a ¿ xed amount of oil (31.5% wt/wt), had the lowest mean particle diameter. This could be attributed to an increased surfactant proportion relative to cosurfactant. It is well known that the addition of surfactants to the microemulsion systems causes the interfacial ¿ lm to stabilize and condense, while the addition of cosurfactant causes the ¿ lm to expand; thus, the relative proportion of surfactant to cosurfactant has varied effects on the droplet size. 20 , 21
Self-Emulsi¿ cation and Precipitation Studies
The results of self-emulsi¿ cation and precipitation studies are given in Table 2 . It was seen that an increase in the proportion of Labrafac CM10 in the composition resulted in decreasing self-emulsi¿ cation time up to a concentration of 31.5% wt/wt, beyond which it resulted in generation of nonclear dispersion. The decrease in self-emulsi¿ cation time can be assumed to be due the relative decrease in surfactant concentration, leading to decreased viscosity of the formulation. The S/CoS ratio of 3:1 was kept constant for the initial formulation study. However, it was found that the resultant dispersion showed precipitation and thus was not stable, because of the presence of PEG 400. PEG 400 can be assumed to act as a cosolvent for feno¿ brate (as seen from solubility studies), and thus it increases the solubilization capacity of the vehicle (Labrafac CM10). However, when the preconcentrate (SMEDDS) is dispersed in water, PEG 400, being water-soluble, is anticipated to enter the water phase and redistribute mainly between the water phase and the emulsion-water interface, resulting in a loss of solvent capacity of the vehicle. A similar observation was reported 
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for a composition containing ethanol as the cosolvent. 22 , 23 Thus, the problem of precipitation was solved by increasing the surfactant proportion (S/CoS [3.7:1]) in the system.
In Vitro Dissolution Studies
Drug release from the SMEDDS formulation (Batch H) was found to be signi¿ cantly higher as compared with that of plain feno¿ brate ( Figure 5 ). It could be suggested that the SMEDDS formulation resulted in spontaneous formation of a microemulsion with a small droplet size, which permitted a faster rate of drug release into the aqueous phase, much faster than that of plain feno¿ brate. Thus, this greater availability of dissolved feno¿ brate from the SMEDDS formulation could lead to higher absorption and higher oral bioavailability. It was also seen that changes in the dissolution medium (buffer pH 1.2, 4.5, and 7.2) had no effect on the drug release from either plain feno¿ brate or the SMEDDS formulation ( Figure 5 ). This observation can be explained by the fact that feno¿ brate has no ionizable group and thus its solubility and dissolution is pH-independent.
Lipid-Lowering Studies
The study was performed to evaluate the pharmacodynamic potential of a developed formulation (Batch H) against plain feno¿ brate using a Triton-induced hyperlipidemia model. Triton is a nonionic surfactant that induces hyperlipidemia by inhibiting peripheral lipoprotein lipase enzymes responsible for removal of lipid particles from the body. 24 The administration of Triton leads to transient elevation of lipid levels, which reach a peak at 18 to 24 hours after administration (phase I) and start to lower again the following day (phase II). 24 , 25 This experimental model has been previously used for screening the activity of the antilipidemic agent benza¿ brate (a ¿ bric acid derivative). 26 Thus, for our present study this method was used to evaluate the lipid-lowering activity of the developed formulation. The precise mechanism by which feno¿ brate exerts its antihyperlipidemic effect has not been clearly established. However, it has been reported that feno¿ bric acid, the active metabolite of feno¿ brate, lowers plasma lipids apparently by inhibiting synthesis and also by stimulating the catabolism of triglyceriderich lipoproteins. It was observed that feno¿ brate and its formulation were found to affect the serum lipid level in both phase I and phase II. 26 Feno¿ brate is known to have a longer stay in the blood circulation, as it has a biological half-life of 20 hours. 27 Thus, a longer duration of action is guaranteed provided that there is an optimal initial plasma drug level, which is generally determined by the bioavailability of the drug. We also evaluated the effect of feno¿ brate and the SMEDDS formulation in phase II of the Triton test. As seen from Table 3 , plain feno¿ brate lowered cholesterol (40.84% inhibition), triglyceride (62.24% inhibition), and LDL (57.40% inhibition). The SMEDDS formulation resulted in a greater reduction of cholesterol (98.84% inhibition), triglyceride (94.36% inhibition), and LDL (100% inhibition). Thus, the higher lipid-lowering activity of the SMEDDS formulation in both phase I and phase II of the Triton test can be explained by the fact that the SMEDDS formulation resulted in complete dissolution of feno¿ brate, which could have increased absorption and thereby led to a higher plasma drug concentration (higher bioavailability). The low bioavailability of feno¿ brate is attributed to its poor aqueous solubility. The above difference in pharmacodynamic activity and the results from in vitro dissolution studies thus suggest that the SMEDDS formulation resulted in higher oral bioavailability owing to higher solubilization of feno¿ brate from the SMEDDS formulation as compared with plain feno¿ brate.
Stability Studies
Generally, SMEDDS formulations are put into hard gelatin capsules as the ¿ nal dosage form. However, liquid-¿ lled hard gelatin capsules are susceptible to leakage, and the entire system has a very limited shelf life owing to its liquid characteristics and the possibility of precipitation of the drug from the system. Thus, the developed formulation was subjected to stability studies to evaluate its stability and the integrity of the dosage form. Table 4 gives the results of the evaluation test conducted on stability samples. The formulation was found to be stable for 6 months at intermediate and accelerated conditions and 12 months at long-term conditions. There was no signi¿ cant change in the drug content, drug release (t90%), or particle size of the resultant emulsion. It was also seen that the formulation was compatible with the hard gelatin capsule shells, as there was no sign of capsule shell deformation. There were also no signi¿ cant changes in the appearance, disintegration time, or microemulsifying property. Furthermore, the formulation was found to show no phase separation, drug precipitation, or capsule leaks. Thus, these studies con-¿ rmed the stability of the developed formulation and its compatibility with hard gelatin capsules.
CONCLUSIONS
An optimized SMEDDS formulation consisting of Labrafac CM10 (31.5% wt/wt), Tween 80 (47.3% wt/wt), PEG 400 (12.7% wt/wt), and feno¿ brate (8.5% wt/wt) was successfully developed with an increased dissolution rate, increased solubility, and, ultimately, increased bioavailability of a poorly water-soluble drug, feno¿ brate. The developed formulation showed higher pharmacodynamic potential as compared with plain feno¿ brate. Results from stability studies con¿ rmed the stability of the developed formulation. Thus, our study con¿ rmed that the SMEDDS formulation can be used as a possible alternative to traditional oral formulations of feno¿ brate to improve its bioavailability.
